ABSTRACT We report the results of crystallographic difference maps at 3.0-A resolution of complexes of metal-nucleoside triphosphates with aspartate carbamoyltransferase (carbamoylphosphate:L-aspartate carbamoyltransferase, EC 2.1.3.2) from Escherichia coki The complexes Gd34-ATP, A13'-ATP, and Gd3+-CTP bind to the allosteric effector domain of the enzyme in nearly the same orientation as the metal-free nucleotides. The result is consistent with kinetic observations of nearly identical allosteric efficacy of ATP and CTP and their complexes with cations. The effector Gd3+-GTP, however, binds in a distinctly different conformation and location than does 8-bromoguanosine 5'-triphosphate, reported in a separate investigation [Honzatko, R. B. & Lipscomb, W. N. (1982)J. Mol Biol 160, 265-286]. The difference in the binding modes of Gd3+-GTP and the bromo derivative suggests a possible mechanism for the relief of allosteric inhibition of GTP due to metal cations. We observe no binding of metal-nucleoside triphosphates in the region of the phosphate crevice of aspartate carbamoyltransferase, consistent with the reduced ability of metal nucleotides to compete with carbamoyl phosphate for the active site. However, a single Gd3+ ion binds in the region of the active site as evidenced by strong density. The binding of cations near the active site probably causes the inhibition of catalysis observed in kinetics experiments reported earlier [Honzatko, R. B., Lauritzen, A. M. & Lipscomb, W. N. (1981) Proc. Natl Acad. Sci USA 78,[898][899][900][901][902].
Aspartate carbamoyltransferase (carbamoylphosphate:L-aspartate carbamoyltransferase, EC 2.1.3.2) from Escherichia coli couples L-aspartate to carbamoyl phosphate, producing carbamoyl-L-aspartate, a precursor in the biosynthesis of pyrimidines. CTP, one of the final products of pyrimidine biosynthesis, is an allosteric feedback inhibitor ofaspartate carbamoyltransferase (1) . The purine ATP is an allosteric activator (1) . Much of the scientific interest in the enzyme centers on the mechanism ofallosteric control as well as on its catalytic process. Reviews summarize our current knowledge of aspartate carbamoyltransferase (2) (3) (4) (5) .
In recent crystallographic investigations (6, 7) , the allosteric effector site and the probable site of carbamoyl phosphate interaction, the phosphate crevice, have been located (Fig. 1) . Pyrophosphate, orthophosphate, and triphosphate nucleosides all bind in the phosphate crevice. ATP and CTP bind to the same site in the allosteric effector domain; 8-bromoguanosine 5'-triphosphate, however, binds in a region that does not overlap the ATP/CTP site (7).
Honzatko et al. (8) 
MATERIALS AND METHODS
We used the method of Gerhart and Holoubek (9) to purify aspartate carbamoyltransferase from E. coli cells, grown and lysed by the New England Enzyme Center. Conditions for the growth of R32 crystals of the enzyme are already in the literature (10) . In the hexagonal lattice, the R32 crystal form has unit cell dimensions of a = b = 131.9 A and c = 199.1 A and diffracts to a resolution of 3.0 A.
A buffer of 50 mM imidazole/50 mM Tris.HCl/5% (vol/vol) ethanol, pH 6.0, stabilized crystals ofaspartate carbamoyltransferase in the presence of the ligands used in the soaks. We diffused ligands into crystals of aspartate carbamoyltransferase at pH 6.0 using the concentrations given in Table 1 . At the time of this work, even approximate binding constants of metal-nucleotide complexes to the enzyme were unknown. We, therefore, carried out soaks at 1.0, 2.5, and 5.0 mM nucleoside triphosphate, using a nucleotide/metal ratio of4:3. Concentrations of Gd3+-nucleotide above 5 mM cracked crystals of aspartate carbamoyltransferase. Sigma was the source of all nucleotides, the purities of which were ascertained by chromatography on polyethyleneimine-cellulose plates (11) . The Gd3' and Al3+ cations came from reagent grade chloride salts from Alpha; we standardized the GdCl3 solution titrimetrically (12) to correct for the uncertainty in hydration of the chloride salt. Concentrations of nucleotide solutions were determined spectrophotometrically using published extinction coefficients (13) .
The x-ray source for diffraction data was an Elliott GX6 rotating anode (copper) fitted with a focusing 100-,pm cup and a graphite monochromator. We collected all diffraction data by the oscillation method, using one crystal for each complex and soaking condition. Using an oscillation range of 1.50 and an exposure time of 3.5 hr, we obtained an average of 10 contiguous films from each crystal before radiation damage brought about a decrease of 15% in the average intensity. Using software developed by Crawford (14), we scanned all films with a 100-tum raster and an OD of 3 on an Optronics P-1000 Photoscan interfaced with a PDP-11/20 computer (Digital Equipment, Maynard, MA). We corrected intensities for Lorentz and polarization effects (15) and minimized absorption effects by choosing crystals that would afford nearly uniform primary and secondary path lengths through the crystal. Data for individual 7171 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. films were merged and scaled using techniques communicated earlier (6, 7) .
We included in the calculation of our electron density maps all reflections exceeding a confidence level of 2 SD. Phases used in generating the difference electron density were calculated from the refined atomic model for the R32 form of aspartate carbamoyltransferase. To Gd3+-ATP, Gd3+-CTP, and Gd3+-GTP, there is a single peak 2.0 A from the binding site of pyrophosphate, phosphate, and the phosphates of nucleotides (7) (Fig. 2) . We believe that the density corresponds to the binding of Gd3+, which is in equilibrium with the nucleoside triphosphates in solution. Side chains of glutamate-50 and serine-52 relax toward this positive difference density, enclosing the peak in an open cage of backbone (between residues 50 and 52) and side chains (glutamate-50 and serine-52). Residues that bind phosphate ligands at the phosphate crevice, arginines-105, -54, and -67, do not move toward the region of positive density. The peak is absent in A13+-ATP maps, in agreement with kinetic effects, which show less effective inhibition ofaspartate carbamoyltransferase by the Al'3 cation (8). In addition, there is no density in the region of phosphate binding, a result that is consistent with the lack of competitive inhibition of metal complexes of nucleoside triphosphates with respect to carbamoyl phosphate. Thus, we feel that the positive density at the catalytic chain in difference maps of Gd3+-ATP, Gd3+-CTP, and Gd3+-GTP corresponds to a Gd3+ binding site responsible for inhibition of the enzyme.
Gd3+-ATP and Al3+-ATP are allosteric activators ofaspartate carbamoyltransferase, Gd3+-CTP is an allosteric inhibitor, and Gd3+-GTP, although binding more tightly to the enzyme than does GTP, is less effective as an allosteric inhibitor than is GTP (8 ter. Yet metals have, at best, a moderate effect on allosteric properties.
The base, ribose, and a phosphate of Gd3+-ATP and Al3"-ATP occupy the same location relative to the enzyme and are in the same conformation as ATP. The base is anti about the glycosyl bond for the metal complex, interacting with the backbone between residues 6 and 7. The /3 and y phosphates bind the Gd3" cation. Additional density in the region of the metal distal to the phosphates is probably due to protein and solvent ligands, which complete the coordination sphere of the cation. Continuous density connecting the 2'-and 3'-OH groups ofthe ribose to the metal suggests an interaction between the ribose and an inner shell ligand of the metal (Fig. 3) . Strong negative density in the vicinity of the cation reveals a large movement of the 10-amino acid loop (residues 50-59) between strands S3' and S4' of the regulatory chain away from the metal. Negative difference density forms a solid sheet between the positive density of the metal and the A3 sheet of the allosteric domain. Although there is no positive density connecting the protein and the cation, we feel that the protein probably provides ligands to the metal in order to bring about the tight binding ofthe Gd3" and A3P complexes of ATP.
Just as CTP and ATP bind to the allosteric pocket in similar conformations (7), the Gd3" complexes of ATP and CTP essentially are identical to 3.0-A resolution (compare Figs. 3 and 4) . In fact, the extension ofthe base of Gd3+-ATP relative to Gd3+-CTP is the only discernible difference in the conformation of these metal complexes. The base of Gd3+-CTP, as for CTP, binds to the NH2-terminal strand of a regulatory monomer between residues 6 and 7. Thus, consistent with kinetic results, the orientation of and the interaction between the base and the NH2-terminal strand of both CTP and ATP remain unaltered FIG. 4 . Fit of a model of CTP to density corresponding to the Gd3+-CTP complex bound to the allosteric site of the enzyme. by the presence of the cation (Fig. 5) .
The density for Gd3+-GTP is weak; therefore, a detailed conformational analysis ofGd3+-GTP is not possible. As mentioned in Materials and Methods, concentrations of nucleoside triphosphate and metal greater than 5.0 and 3.75 mM, respectively, destroyed R32 crystals. Nonetheless, maximum density corresponding to the Gd3+ cation is in the same location for Gd3+-GTP as for Gd3+-ATP and Gd3+-CTP. Indeed, our results suggest a binding mode for Gd3+-GTP similar to that of Gd3+-ATP.
By comparing the Gd3+-GTP difference map with the maps for CTP (7) and for 8-bromoguanosine 5'-triphosphate (7), we can suggest a probable mechanism for the relief ofallosteric inhibition of GTP in the presence of Gd3 . Our inability to produce a complex of free GTP with aspartate carbamoyltransferase even at high concentrations of nucleotide (30 mM) confirms evidence from kinetics ofthe stronger binding ofthe Gd3+-GTP complex over GTP alone. Apparently, free coordination sites for Gd3+ in the Gd3+-GTP complex dominate the binding of metal effectors to the allosteric pocket. In fact, the absence of density for the base of Gd3+-GTP indicates little or no interaction between the purine ring and the protein. The inhibitor CTP and 8-bromoguanosine 5'-triphosphate, however, interact strongly with the NH2-terminal strand by way of the base moiety. The relief of GTP inhibition due to the metal, then, results from reduced interactions of the protein and the base, perhaps as a consequence ofa slightly different binding location forced on GTP by the presence of the metal.
